The preparation of unprecedented 6,12-disubstituted methanodibenzo [b,f ][1,5]dioxocins from pyrrolidine catalyzed self-condensation of 2 -hydroxyacetophenones is herein described. This method provides easy access to this highly bridged complex core, resulting in construction of two C-O and two C-C bonds, a methylene bridge and two quaternary centers in a single step. 
Introduction
Heterocyclic compounds possess fascinating complex structural architecture and are key structural motifs in an array of biologically active natural products and pharmaceutically active compounds [1] , which drives the development of improved and new synthetic methodologies [2] [3] [4] [5] [6] [7] [8] [9] . In recent years, cascade reactions [10] [11] [12] [13] [14] [15] [16] and bio-inspired technologies [17] [18] [19] [20] [21] [22] [23] have been employed to access structural complexity in compounds of biological importance.
Methanodibenzo[b,f ] [1, 5] dioxocin is a highly strained bridged polycyclic skeleton present in numerous biologically active natural products and pharmaceuticals (Scheme 1). Some of these natural products exhibit inhibition against β-amyloid aggregation, antibacterial activity, potent antimethicillin-resistant staphylococcus aureus (MRSA) activity, etc. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . After Nair et al. [29] reported that cyanomaclurin, a compound isolated from the heartwood of Artocarpus integrifolia (jackwood) [36] , possessed a methanodibenzo[b,f ] [1, 5] dioxocin core, considerable attention was paid to its construction. Hennis and co-workers obtained the neutral 6H,12H-6,12-methanodibenzo[b,f ] [1, 5] dioxocin and its derivatives after a condensation reaction of either o-vinylphenol or o-coumaric acid and salicylaldehyde under acidic conditions [37, 38] . [39] . Du and co-workers explored o-quinone methide and electron rich phenols as reactants in a silver triflate catalyzed tandem process for the construction of such a core. The formation of alkynyl oquinone methide catalyzed by silver triflate triggers the following intermolecular cascade: 1,4-conjugate addition/6-endo cyclization/1,3-aryl shift/intramolecular 1,4-conjugate addition, providing the 2-substituted methanodibenzo[b,f] [1, 5] dioxocin [40] . Notwithstanding these recent developments, more synthetic strategies to access this intricate polycyclic ring system are worth pursuing as accessing [1, 5] -dioxocins with different substituents in the bridgehead carbons is still an open issue. Likely due to the limited synthetic methodologies available, the methanodibenzo[b,f] [1, 5] dioxocin motif has received little attention as a structural scaffold in drug design.
In our previous endeavor towards the development of a reductive amination protocol for the synthesis of tertiary alkylphenolmethyl amines [41] using a recently developed pinacol-derived chlorohydrosilane (PCS) [42] , we were intrigued by the absence of the desired reductive amination product under our hydrosilylation conditions with 2′-hydroxyacetophenone and pyrrolidine (Scheme 2b). Despite the successful use of such a protocol for the synthesis of several tertiary alkylphenolmethyl amines, careful inspection of a reaction mixture containing pyrrolidine and the ketone showed the formation of a 2′-hydroxyacetophenone self-condensation product. [40] . Notwithstanding these recent developments, more synthetic strategies to access this intricate polycyclic ring system are worth pursuing as accessing [1, 5] -dioxocins with different substituents in the bridgehead carbons is still an open issue. Likely due to the limited synthetic methodologies available, the methanodibenzo[b,f ] [1, 5] dioxocin motif has received little attention as a structural scaffold in drug design.
In our previous endeavor towards the development of a reductive amination protocol for the synthesis of tertiary alkylphenolmethyl amines [41] using a recently developed pinacol-derived chlorohydrosilane (PCS) [42] , we were intrigued by the absence of the desired reductive amination product under our hydrosilylation conditions with 2 -hydroxyacetophenone and pyrrolidine (Scheme 2b). Despite the successful use of such a protocol for the synthesis of several tertiary alkylphenolmethyl amines, careful inspection of a reaction mixture containing pyrrolidine and the ketone showed the formation of a 2 -hydroxyacetophenone self-condensation product.
Aware of the limitations of the available methods for the preparation of methanodibenzo[b,f ] [1, 5] dioxocin, and intrigued by the singular reactivity of pyrrolidine in promoting the self-condensation reaction, we set out to investigate and optimize the reaction conditions to efficiently construct such a polycyclic core from the self-condensation of three 2 -hydroxyacetophenone molecules. Importantly, previously reported attempts to dimerize β-hydroxy ketones using acidic/dehydrating conditions proved unsuccessful, although 6H,12H-6,12-epoxydibenzo[b,f ] [1, 5] dioxocins could be obtained from the dimerization of salicylaldehydes [43, 44] . Aware of the limitations of the available methods for the preparation of methanodibenzo[b,f] [1, 5] dioxocin, and intrigued by the singular reactivity of pyrrolidine in promoting the self-condensation reaction, we set out to investigate and optimize the reaction conditions to efficiently construct such a polycyclic core from the self-condensation of three 2′-hydroxyacetophenone molecules. Importantly, previously reported attempts to dimerize β-hydroxy ketones using acidic/dehydrating conditions proved unsuccessful, although 6H,12H-6,12-epoxydibenzo[b,f] [1, 5] dioxocins could be obtained from the dimerization of salicylaldehydes [43, 44] .
Results and Discussion
We began our synthetic efforts to optimize the reaction conditions after obtaining methanodibenzo[b,f][1,5]dioxocin 1 at a 9% yield in a failed attempt to aminate 2′-hydroxyacetophenone with pyrrolidine under hydrosilylation conditions, followed by crystallization and unambiguous characterization of the product through single crystal X-ray diffraction analysis ( Table 1 ). The crystal structure of 1 showed an intramolecular hydrogen bond and similar geometric features of the methanodibenzo [26] , except for the interplanar angle between benzene rings. The interplanar angle was almost ten degrees higher value in 1, which was rather close to orthogonality (~88°) and corresponded to the value found from (E)-2-(4-((12-methyl-6H,12H-6,12-
Using 2-hydroxyacetophenone as substrate, we investigated the reaction conditions in the hydrosilylation protocol and their effect on the formation of compound 1 ( Table 1 ). The initial use of stoichiometric amounts of 2′-hydroxyacetophenone and pyrrolidine in refluxing acetonitrile gave compound 1 with a 24% yield ( Table 1 , entry 1). The importance of pyrrolidine and molecular sieves (MS) was verified after not detecting the desired product when running the reaction in the absence of any of these components (entries 2 and 3). Replacing pyrrolidine with anhydrous p-toluenesulfonic acid, or use of pyrrolidine as a solvent led to similar outcomes (entries 4 and 5). Decreasing the amount of pyrrolidine to 0.3 equiv. had a positive effect on the formation of 1, with a yield of 42% (entry 6). Harsher reaction conditions, namely using a sealed tube at 80 °C in the absence of solvent and increased reaction times, allowed formation of product with up to 59% yield (entry 7). Decreasing 
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Using 2-hydroxyacetophenone as substrate, we investigated the reaction conditions in the hydrosilylation protocol and their effect on the formation of compound 1 ( Table 1 ). The initial use of stoichiometric amounts of 2 -hydroxyacetophenone and pyrrolidine in refluxing acetonitrile gave compound 1 with a 24% yield ( Table 1 , entry 1). The importance of pyrrolidine and molecular sieves (MS) was verified after not detecting the desired product when running the reaction in the absence of any of these components (entries 2 and 3). Replacing pyrrolidine with anhydrous p-toluenesulfonic acid, or use of pyrrolidine as a solvent led to similar outcomes (entries 4 and 5). Decreasing the amount of pyrrolidine to 0.3 equiv. had a positive effect on the formation of 1, with a yield of 42% (entry 6). Harsher reaction conditions, namely using a sealed tube at 80 • C in the absence of solvent and increased reaction times, allowed formation of product with up to 59% yield (entry 7). Decreasing the amount of the pyrrolidine catalyst did not improve the yield of the desired product (Table 1, entries  8-10 ). Other reaction conditions tested, including use of additives such as acetic acid or Cu(OAc) 2 , replacing molecular sieves beads with powder and using different amounts of sieves, invariably led to lower yields. the amount of the pyrrolidine catalyst did not improve the yield of the desired product (Table 1, entries 8-10 ). Other reaction conditions tested, including use of additives such as acetic acid or Cu(OAc)2, replacing molecular sieves beads with powder and using different amounts of sieves, invariably led to lower yields. At this point, the best conditions identified were the use of 30 mol% pyrrolidine to catalyze the transformation and a solvent-free protocol. While the model compound tested is liquid at room temperature, many 2′-hydroxyacetophenones are solid, which could likely pose reproducibility, heat and mass transfer issues in a solvent free process. Furthermore, after considerable product formation, it is solidified in the mixture, trapping the molecular sieves and hampering efficient stirring of the reaction mixture. Due to this, we decided to search for solvents suitable for the reaction, which would solubilize the starting materials and prevent decomposition of the product. With the aim of getting both the starting material and product soluble in the reaction media, more polar solvents were initially tested in both vessel types, sealed tube and round bottom flask, under argon (Table 2) . Interestingly, ethanol, the only protic solvent tested, failed to provide any of the product, and dichloroethane did not provide more than a 15% yield of 1 after 24 h. Other polar solvents, such as acetonitrile and methyl tert-butylether, could provide the product in yields of up to 43%, but slightly better yields could be obtained for hexane, while toluene and dioxane were comparable. From the reaction optimizations so far, it appeared that hexane as a solvent favored the yield of compound 1 compared to the others screened in both closed and reflux reaction conditions. A more dilute reaction media in hexane did not affect the yield of 1 considerably (Table 2, entry 7). Thus, we identified the use of 0.3 equiv. of pyrrolidine as a catalyst in refluxing hexane to be the optimal reaction conditions for the synthesis of 1 based on the optimization reactions carried out and also our quest to avoid reactions under neat conditions. At this point, the best conditions identified were the use of 30 mol% pyrrolidine to catalyze the transformation and a solvent-free protocol. While the model compound tested is liquid at room temperature, many 2 -hydroxyacetophenones are solid, which could likely pose reproducibility, heat and mass transfer issues in a solvent free process. Furthermore, after considerable product formation, it is solidified in the mixture, trapping the molecular sieves and hampering efficient stirring of the reaction mixture. Due to this, we decided to search for solvents suitable for the reaction, which would solubilize the starting materials and prevent decomposition of the product. With the aim of getting both the starting material and product soluble in the reaction media, more polar solvents were initially tested in both vessel types, sealed tube and round bottom flask, under argon (Table 2) . Interestingly, ethanol, the only protic solvent tested, failed to provide any of the product, and dichloroethane did not provide more than a 15% yield of 1 after 24 h. Other polar solvents, such as acetonitrile and methyl tert-butylether, could provide the product in yields of up to 43%, but slightly better yields could be obtained for hexane, while toluene and dioxane were comparable. From the reaction optimizations so far, it appeared that hexane as a solvent favored the yield of compound 1 compared to the others screened in both closed and reflux reaction conditions. A more dilute reaction media in hexane did not affect the yield of 1 considerably (Table 2, entry 7). Thus, we identified the use of 0.3 equiv. of pyrrolidine as a catalyst in refluxing hexane to be the optimal reaction conditions for the synthesis of 1 based on the optimization reactions carried out and also our quest to avoid reactions under neat conditions. With the established optimal reaction conditions in hand, we proceeded to expand the substrate scope to other substituted 2′-hydroxyacetophenones (Scheme 3). Notwithstanding the modest yields, we were pleased to observe the formation of methanodibenzo[b,f][1,5]dioxocin derivatives 2-7 without the need to use any metals or strongly acidic conditions. The protocol was demonstrated to be suitable for obtaining alkyl-substituted methanodibenzo[b,f][1,5]dioxocin 2, the halide substituted derivatives 3-6 or the electron rich methoxy derivative 7. When attempting to verify the suitability of this method for strongly electron-withdrawing groups, nitro substituted 2′-hydroxyacetophenones were tested, resulting only in the isolation of traces of the reduced aniline and unreacted starting material. Also, all attempts to obtain the methanodibenzo[b,f] [1, 5] dioxocin analogue of other 2′-hydroxyketones, such as 2′-hydroxypropiophenone or 2′-hydroxy-3-phenylpropiophenone proved futile, therefore limiting this protocol to pyrrolidine catalyzed self-condensation of 2′-hydroxyacetophenones. With the established optimal reaction conditions in hand, we proceeded to expand the substrate scope to other substituted 2 -hydroxyacetophenones (Scheme 3). Notwithstanding the modest yields, we were pleased to observe the formation of methanodibenzo[b,f ][1,5]dioxocin derivatives 2-7 without the need to use any metals or strongly acidic conditions. The protocol was demonstrated to be suitable for obtaining alkyl-substituted methanodibenzo[b,f ][1,5]dioxocin 2, the halide substituted derivatives 3-6 or the electron rich methoxy derivative 7. When attempting to verify the suitability of this method for strongly electron-withdrawing groups, nitro substituted 2 -hydroxyacetophenones were tested, resulting only in the isolation of traces of the reduced aniline and unreacted starting material. Also, all attempts to obtain the methanodibenzo[b,f ] [1, 5] dioxocin analogue of other 2 -hydroxyketones, such as 2 -hydroxypropiophenone or 2 -hydroxy-3-phenylpropiophenone proved futile, therefore limiting this protocol to pyrrolidine catalyzed self-condensation of 2 -hydroxyacetophenones.
Entry
Although the details of the mechanisms involved require full clarification, the absence of similar dioxocin products when employing other cyclic secondary amines, such as indoline, morpholine and tetrahydroquinoline, using our hydrosilylation protocol, suggests that an enamine is likely to be involved. Pyrrolidine derived enamines are known to be more reactive that other cyclic amines [46, 47] , and the protocol for reductive amination from 2 -hydroxyacetophenone and this amine starts with iminium formation at room temperature under neat conditions [48] . Moreover, the same amine was previously reported to promote the formation of 4-chromanones from 2 -hydroxyacetophenones and aliphatic aldehydes and ketones [49] . Although the details of the mechanisms involved require full clarification, the absence of similar dioxocin products when employing other cyclic secondary amines, such as indoline, morpholine and tetrahydroquinoline, using our hydrosilylation protocol, suggests that an enamine is likely to be involved. Pyrrolidine derived enamines are known to be more reactive that other cyclic amines [46, 47] , and the protocol for reductive amination from 2′-hydroxyacetophenone and this amine starts with iminium formation at room temperature under neat conditions [48] . Moreover, the same amine was previously reported to promote the formation of 4-chromanones from 2′-hydroxyacetophenones and aliphatic aldehydes and ketones [49] .
Materials and Methods

General Considerations
All syntheses were carried out in oven-dried glassware under an inert atmosphere. All solvents used were left standing over 3 Å molecular sieves and used without further drying. All other reagents were purchased from Sigma-Aldrich or TCI and used without further purification. Reactions were monitored through thin-layer chromatography (TLC) with commercial silica gel plates (Merck silica gel, 60 F254). Visualization of the developed plates was performed under UV lights at 254 nm and by staining with cerium ammonium molybdate and vanillin. Flash column chromatography was performed on silica gel 60 (40-63 µm) as stationary phase. NMR spectra were recorded with JEOL ECZR 500 instruments using CDCl3 as solvent. Chemical shifts (δ) were reported in ppm and referenced to the CDCl3 residual peak (δ 7.26) or tetramethylsilane (TMS) peak (δ 0.00) for 1 H NMR and to CDCl3 (δ 77.16) for 13 C NMR. The following abbreviations were used to describe peak splitting patterns: s = singlet, d = doublet, t = triplet and m = multiplet. Coupling constants, J, were reported in hertz (Hz) . High-resolution mass spectrometry spectra were recorded on a Waters ESI-TOF MS spectrometer.
General Procedure for the Synthesis of Substituted Methanodibenzo[b,f][1,5]Dioxocin Derivatives 1-7
In a 10 mL round bottom flask equipped with a condenser, the corresponding 2′-hydroxyacetophenone (6.22 mmol) was heated in hexane (5 mL) for 5-10 min to dissolve completely, after which pyrrolidine (2.08 mmol, 0.33 equiv) and molecular sieves (3 Å beads, 362 mg) were added 
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General Procedure for the Synthesis of Substituted Methanodibenzo[b,f][1,5]Dioxocin Derivatives 1-7
In a 10 mL round bottom flask equipped with a condenser, the corresponding 2 -hydroxyacetophenone (6.22 mmol) was heated in hexane (5 mL) for 5-10 min to dissolve completely, after which pyrrolidine (2.08 mmol, 0.33 equiv) and molecular sieves (3 Å beads, 362 mg) were added while stirring under argon. The resulting mixture was refluxed at 80 • C for 24-48 h and then allowed to cool to room temperature. After cooling to room temperatute (r. t.), ethyl acetate was added to the reaction mixture, followed by saturated NH 4 Cl (15 mL). The aqueous layer was extracted with ethyl acetate (3 × 20 mL) and the combined organic layers were dried over MgSO 4 , filtered out and the solvent was removed under reduced pressure. The residue was then purified by flash column chromatography on silica (Hexane:EtOAc 98:2) to give the desired product. 1H and 13C spectra of all compounds, 1-7 is available in the supplementary material. 
Single Crystal X-Ray Diffraction
The crystal data for 1 were collected on an Agilent SuperNova single-source diffractometer equipped with an Eos CCD detector at 120(2) K using mirror-monochromated Mo-Kα (λ = 0.71073 Å) radiation. Data collection (ω scans) and reduction was performed using the program CrysAlisPro [50] . The analytical face-indexing-based absorption correction method was applied. The structure was solved by intrinsic phasing methods [51] and refined by full-matrix least squares on F 2 using SHELXL-2018/1 [52] . Anisotropic displacement parameters were assigned to non-H atoms. All hydrogen atoms (except O-H) were constrained to their idealized positions and refined using riding models with U eq (H) of 1.5U eq (C) for terminal methyl groups and of 1.2U eq (C) for other groups. Hydrogen atoms bonded to O atoms were found from the electron density maps, restrained to their ideal distance (0.84 Å) from the parent atom and refined with U eq (H) of 1.5U eq (O). Deposition Number CCDC-1922829 contains the supplementary crystallographic data for this paper. These data are provided 
Conclusions
We have developed a simple, metal-free synthetic route to the highly complex methanodibenzo[b,f ] [1, 5] dioxocin skeleton from the self-condensation of readily available 2 -hydroxyacetophenones catalyzed by pyrrolidine. Notwithstanding the moderate yields and narrow scope of the transformation, this strategy furnishes, in one-pot, unprecedented 6,12-disubstituted methanodibenzo[b,f ] [1, 5] dioxocin derivatives with potential usefulness in medicinal chemistry or in the development of bioactive substances.
